Among the quantum liquids, the hydrogens cover an interesting position between liquid helium, where quantum exchange gives rise to the macroscopic phenomenon of superfluidity, and neon, where quantum effects are relatively small, so that its features can be evaluated by perturbation methods with reference to a classical system. Nonetheless, the experimental access to the microscopic structure of the hydrogens is not an easy task both because of their intra-molecular structure and the small molecular mass that is comparable with that of the neutron probe. In this paper we discuss the state of the art and summarise the available experimental information on the microscopic structure of the hydrogens. The experimental data for the two systems are compared among them and with the results of quantum Path Integral Monte Carlo simulations. It is found that similar quantities, measured in corresponding thermodynamic points, are rather different for the two systems due to the different weight of quantum effects. Moreover, the comparison with the simulation results shows that, for deuterium, there is a substantial agreement, both at the level of the structure factor and its thermodynamic derivatives. The agreement is less satisfactory for liquid hydrogen.
Introduction
Quantum effects, in condensed matter, originate from the de-localization of the particles which cannot be associated with individual points in the space but are characterised by a probability distribution [1] . This, in turn, is somehow bound to the de Broglie thermal wavelength, λ DB , which depends on the mass of the molecule Table 1 . Evaluation of quantum effects for common quantum liquids. The subscript CP and TP refer to the Critical Point and to the Triple Point, respectively. For helium, TP indicates the λ-point. λ DB is the de Broglie wavelength defined in equation 1. The parameters σ and ℓ represent the hard core diameter of the particle and the average interparticle distance, respectively.
System
T CP (K) and on the temperature, according to the definition [2] :
where M is the mass, T is the temperature, and k B is the Boltzmann constant. Strictly speaking, the wavelength associated with a free massive particle can only be defined assuming that the momentum of the quantum particle, p = Mv, is identified with the momentum of the associated plane wave, p = k = h/λ. This would imply a slightly different definition for the thermal wavelength. For a dense system of interacting particles, the relation connecting λ DB (or any similarly defined thermal wavelength) with the space probability distribution is not trivial. In addition, the actual size of the space probability distribution gives rise to different effects, depending on the value of its ratio with the two other length scales, namely the molecular size and the interparticle distance. If we define σ CM as the full width of the space probability distribution of the molecular centres of mass, this quantity should be compared with σ, the usual hard-core parameter of the pair potential, and with ℓ, the average interparticle distance. As a 0-th order approximation, we can assume that σ CM ≈ λ DB . Thus, the relevant quantities can be calculated and are reported in table 1.
Depending on the different ratios between λ DB and σ, or between λ DB and ℓ, substantially different quantum effects are observed. For liquid helium, λ DB is larger than ℓ. This allows a quantum exchange between neighbouring particles and produces the macroscopic effect of superfluidity. However, as the density decreases (e.g. around the critical point), the ratio becomes < 1 and the quantum exchange is quenched. Nonetheless, the quantum size of the particle is sensibly larger than σ and therefore large quantum effects are still expected due to the de-localization of the particles (quantum diffraction). On going from helium to hydrogen, and deuterium, and neon, the expected exchange effects are even smaller. We see that for deuterium and neon, the value of λ DB never exceeds the size of σ and, to reproduce the experimental data, it is sufficient to take into account the quantum diffraction effect only. For neon, this ratio is so small that the expected quantum effects can be effectively taken into account using perturbation theories on a classical reference system [3] . For the hydrogens, instead, the quantum diffraction features are expected to be rather large (λ DB exceeds the value of σ) but no quantum exchange effect is expected for those systems. In fact, even for liquid hydrogen at the lowest temperature, i.e. close to the triple point, the ratio between λ DB and ℓ is < 1. This ratio could increase by decreasing the temperature, but in this case the liquid freezes and, due to the zero-point motion of the molecular centres of mass, the kinetic energy increases and so does the effective temperature.
To sum up, we observe that the hydrogens, among the quantum liquids, play a very special role. On the one hand, the exchange effects appear to be negligible, and therefore the Boltzmann statistics can be applied. On the other hand, the quantum diffraction effects, i.e. those due to the spatial broadening of the centre-of-mass wavefunction, are quite relevant and cannot be evaluated by a simple perturbation theory. In addition, due to the same electronic structure, the hydrogens are expected to experience, at least to a first approximation, the same intermolecular potential. Therefore, the different behaviour that is observed in the two systems can only be attributed to a different size of the quantum effects that, in turn, are determined by the different molecular mass.
From the experimental point of view, to determine the microscopic structure of liquid hydrogens is not a trivial task. On the one hand, the small number of electrons make the hydrogens almost transparent to X-rays. The alternative experimental technique, namely the neutron diffraction, turns out to be difficult too. The small molecular mass, comparable with that of the probe, makes the inelasticity effects quite relevant and this implies that the neutron diffraction data are heavily affected by inelasticity effects. In addition, among the hydrogens, there is a substantial difference between the two isotopes. For deuterium, in fact, the coherent neutron cross section, i.e. the parameter that is in front of the microscopic structure factor in the scattering cross section, is of the same order of magnitude of the incoherent one. This implies that, qualitatively, the interesting signal lies on top of a background that is of a similar order of magnitude [4] . For hydrogen, instead, the ratio between the incoherent and the coherent cross sections is almost two orders of magnitude. This makes the required signal extremely small, with respect to the incoherent background, and explains why no generally accepted experimental structure factor exists, to date, for liquid hydrogen.
We are confident that a great part of the experimental problems could be dealt with in a not too far future. Many experimental groups are working on it (see, for example, [5] ) and small partial achievements are obtained, month after month. However, the interpretation of the experimental results needs also a reliable theoretical framework that is necessary to extract the relevant information from the experimental spectra. Dealing with quantum liquids is certainly more complex than with the classical ones. As a matter of fact, theories to evaluate the microscopic structure of simple classical liquids have reached a satisfactory level [2] . For quantum liquids, instead, the theoretical approach is still in its infancy, even though the Path Integral Monte Carlo (PIMC) simulation technique can be used to compute, given a suitable intermolecular potential, the microscopic structure of monatomic quantum liquids [6, 7] . The technique was initially implemented to simulate Boltzmann particles, and has been recently improved to take into account the quantum statistics as well. For example, using a PIMC simulation technique that is able to take into account the Bose-Einstein statistics, Ceperley has shown that beautiful results can be obtained for the microscopic structure of superfluid liquid helium [8] . Of course, dealing with a Boltzmann quantum liquid is much less demanding, from a computational point of view.
The microscopic structure of the quantum liquids listed in table 1 is affected by quantum diffraction effects depending both on the temperature and the molecular mass. For monatomic liquids, like helium or neon, the calculation of the microscopic structure is more direct than for the molecular liquids. However, as the hydrogens are characterised by a simple intramolecular structure, it is sufficient to take into account the many-body quantum effects on the centre-of-mass distribution and to deal with the intramolecular structure using suitable models. As a consequence, in order to compare the experimental results with the theory, one has to combine the results of the PIMC simulations (centres of mass structure) with those obtained from a suitable theoretical calculation of the intramolecular structure.
We observe that, for a homonuclear diatomic molecule, the diffraction cross section can be expressed as [4] :
where S(Q) is the static structure factor of the molecular centres of mass and the functions u(Q) and v(Q) are molecular form factors which are interpreted as the intermolecular and intramolecular neutron cross sections respectively. The unknown function P (Q) accounts for the inelastic scattering corrections. We point out that in writing equation 2 we totally neglect the orientational correlations. This is a reasonable assumption for liquid hydrogens, as it is well known that this is well verified even in the solid phase [9] . If we apply a free rigid-rotor model to the molecule, then the expressions for the molecular form factors assume a very simple analytical form [10] . However, it is well known that this simple model is insufficient to take into account, quantitatively, the microscopic structure of deuterium and should be generalised [4] . Young and Koppel [11] have shown that, in the gas phase, a free rotating harmonic oscillator model gives a substantially correct description of the neutron cross section of the hydrogens. Therefore, to a first approximation, the molecule can be modelled as a freely rotating harmonic oscillator. In this case, the molecular form factors can be calculated and are expressed as a sequence of functions approximating the true behaviour [12] .
To the lowest order, the functions u(Q) and v(Q) become the familiar rigid rotor functions that are now modulated by a Debye-Waller factor generated by the harmonic oscillator [12] . These are:
and
where λ DW = ( /2Mω v ) 1/2 is the Debye-Waller wavelength and ω v is the circular frequency of the molecular vibration. The parameter D e represents the average equilibrium distance of the two nuclei while a coh and a inc represent the coherent and incoherent scattering length [13] . For orthodeuterium b = 0, while for parahydrogen b = 1 [12] . The sequences converge rapidly and it is found that their limiting behaviour can be well represented by equations 3 and 4 if the parameters λ DW and D e are replaced by slightly different effective parameters [12] .
An overview of the experimental results on the S(Q)
The experimental determination of the structure factor of helium, over a wide range of thermodynamic state points, is rather old [14] and that of liquid neon is even older [15] . Instead, no reliable information was available on liquid hydrogens till recently [16] . In fact, in order to correct the neutron diffraction data for inelasticity effects, researchers have mostly used the so-called Placzek correction procedure [17] . This is a perturbative treatment whose critical parameter is the ratio between the mass of the neutron and that of the target particle. For helium, this value is 1/4 and the theory is still manageable. However, the theory holds for a monatomic system and could only be applied to a molecular system by introducing the concept of effective mass (atomic mass m E molecular mass) which in turn depends on the energy of the incident neutrons. For hydrogen, the mass ratio would become, at best, 1/2 which makes the Placzek correction procedure unmanageable.
The turning point was determined by the availability of new diffraction instruments that use a pulsed neutron source instead of a reactor. In fact, on a reactor source, the incident neutrons are of constant energy and the momentum transfer, Q, is changed simply by changing the scattering angle. On the contrary, using a pulsed source, the scattering angle is kept fixed and the spread in Q is obtained from the energy distribution of the incident neutrons. Thus, there is an intrinsic advantage in using time-of-flight (TOF) neutron diffraction for measuring the static structure factor S(Q) of liquids composed of light molecules. This is simply related to the fact that, here, a complete information can be obtained maintaining the scattering angle to a rather small value. As the inelasticity effects increase by increasing the scattering angle, it appears that choosing a sufficiently small scattering angle the inelasticity effects can be kept within an acceptable level, even for a light system like hydrogen.
The first measure of the microscopic structure of deuterium gas on a standard powder diffractometer convinced us that the problem of the inelastic scattering corrections could be greatly reduced using only the small angle scattering detectors [18] . Following this achievement, we took advantage of the construction of a dedicated liquid diffractometer (SANDALS, at ISIS, UK) that uses an almost forward scattering geometry. Using SANDALS, the structure factor of liquid deuterium was measured both in the vicinity of the triple point [4] and close to the freezing transition [19] .
Once the know-how was established, a diffraction experiment on liquid deuterium was also carried out at a reactor source [20] , which allowed us to refine the experimental results. In fact, for the two experiments, the inelasticity corrections are located in different spectral regions and therefore, from a critical comparison of the two experimental determinations, we were able to obtain an accurate determination of the structure factor of liquid deuterium which, in turn could be positively compared with the simulation results [21] . This comparison is reported in figure 1 . Here, the experiment is compared with the PIMC simulation results obtained using either the Norman, Watts, and Buck (NWB) [22] or the Lennard Jones (LJ) [23] intermolecular potential (cf. the continuous and the dashed lines in figure 1 ).
Thus the residual difficulty for performing an experiment on hydrogen is the unfavourable ratio between the coherent and the incoherent cross section. Because of this ratio, the coherent scattering contribution, which carries the information on the intermolecular structure, is expected to become almost invisible due to the overwhelming incoherent background. In fact, a rough calculation [12] assuming that the intermolecular (centre of mass) structure factor of liquid H 2 is similar to that of D 2 , would predict a coherent modulation of the order of 4% of the incoherent background. So, the experiment appears to be intrinsically difficult, also because we expect that the coherent response of hydrogen will be smaller than that of deuterium due to the larger quantum effects induced by the smaller molecular mass. However, the situation improves if pure para-hydrogen is considered. In this case, due to the decrease of the intramolecular scattering term at low Q for para-hydrogen, this ratio would becomes 10% in the region of the main peak of the structure factor and the experiment would appear feasible, with a reasonable accuracy.
Based on this premise we have carried out a neutron diffraction experiment on liquid para-hydrogen on SANDALS. However, as we will show in the following section, the predictions were too optimistic and it was impossible to extract a reliable microscopic structure factor from the large incoherent background.
One might argue that, in the end, an experimental determination of the microscopic structure factor of hydrogen is not strictly necessary. A sufficiently accurate S(Q) has been determined for deuterium and, using a suitable intermolecular potential, it was shown that PIMC simulations could reproduce the experimental structure factor. Therefore, the hydrogen structure factor could be determined, to a good approximation, using the same potential and a PIMC simulation applied to hydrogen.
On the other hand, there is a number of questions that are waiting for an answer. For example, to which extent the hydrogen and deuterium intermolecular potentials can be considered equal? Is it not possible that the quantum mechanical g(r) (or S(Q)) can be obtained from the classical ones simply by a convolution with a suitable single-particle (center of mass) distribution function? Of course, the present state of the art of the PIMC technique can give an answer to these and other questions, but the final assessment, in our opinion, can only rely on the comparison with solid experimental data. For this reason only the experimental results can definitely answer these and similar questions.
Thermodynamic derivatives of S(Q)
Even though the microscopic structure factor represents the final aim of our experimental efforts, the lack of information on the S(Q) of hydrogen does not mean that additional experimental information could not be obtained from the experiments.
In fact, considering equation 2, we observe that the most relevant dependence on the thermodynamic conditions of the sample is in S(Q). Therefore, since our experimental data were taken in selected thermodynamic points (cf. table 2), and by assuming that P (Q) is constant, we could derive an experimental determination of the thermodynamic derivatives of S(Q). This procedure was successfully used for liquid deuterium data close to the triple point [4, 20] .
However, the same procedure could not be applied to the hydrogen data. In fact, the size of the inelastic scattering corrections, that is expected to be proportional to the total cross section, becomes now relevant. In other words, due to the large intramolecular contribution to the scattering cross section, even small fluctuations Table 2 . Details of the thermodynamic conditions of the experiments. The estimated error on the temperature is 0.1 K, for the H2 experiment, and 0.5 K, for the D2 experiment. The uncertainty on the pressure is 0.1 bar. As a consequence, the error on the density of hydrogen is 0.03 nm −3 and that on the density of deuterium turns out twice as large. in the instrument electronics become now crucial and tend to generate noise that submerges the coherent signal. For these reasons, a different procedure was used for hydrogen [24] . Making use of the experimental differences, and of equation 2 to remove the molecular form factor, we were finally able to obtain the thermodynamic derivatives of the structure factor S(Q).
In figure 2 we report [∂S(Q)/∂n] T , the experimental density derivative, at constant temperature, of the hydrogens. As it was anticipated, the deuterium determination appears more precise than that of hydrogen. The two sets of data are qualitatively and quantitatively very similar, even though small differences can be observed from a superposition of the two figures. The experimental temperature derivative at constant density, [∂S(Q)/∂T ] n , is reported in figure 3 . Again, the deuterium case is more definite and the two figures are qualitatively very similar. However, some quantitative difference can be observed, especially in the position of the main minimum.
A quantitative comparison between the two sets of data is reported in the two following figures. In figure 4 the deuterium data for the density derivative are represented by the continuous line (a spline fit through the experimental points) while the hydrogen data are the points with the error bars. The quantitative comparison is rather good, even though the hydrogen data seem to suggest a slight shift to smaller Q-values. In addition, some difference appears in the small-Q region where the hydrogen data seem to rise faster to the zero-level. In figure 5 , we report the temperature derivative (the symbols have the same meaning) but now the shift of the hydrogen data toward smaller Q-values appears more evident than before.
While for the first observation, namely the shift that is observed in both figures Temperature derivative, at constant density, of the structure factor of the hydrogens. Also in this case the two pictures appear quantitatively similar. However, a slight difference can be observed in the depth of the minimum that appears larger for deuterium. (4 and 5), we can suggest a simple, intuitive, explanation, the difference in the rising edge at small Q, that is observed in figure 4 , is totally unexpected. In fact, when the data are plotted in reduced units of Q (i.e. as a function of Q * = Qσ, where σ is the effective molecular diameter), it can be noted that the rising edge and the positive peak of the density derivative, and the whole temperature derivative, become almost coincident provided that the effective diameter of hydrogen is increased by ∼ 2%. As a matter of fact, liquid hydrogen is expected to show larger quantum effects with respect to deuterium. This is consistent with the data reported in table 1. One aspect of the increased quantum behaviour is an expected increment in the effective molecular size of hydrogen with respect to deuterium. If we reasonably assume that the two isotopes experience the same intermolecular potential, that is determined by the same electronic structure, we note that the observed increase of the effective molecular size is a signature of the expanded single particle wavefunction.
Comparison with the PIMC simulations
The experimental results have been compared with those of a PIMC simulation carried out in similar thermodynamic conditions. For both hydrogen isotopes, we used the same intermolecular potential, namely the NWB potential [22] . The simulations were carried out using N = 500 classical particles and Trotter numbers P (= number of bids in the classical isomorphic polymer system) ranging between 1 and 32 [25] . After a suitable number of equilibration moves, starting from a random initial configuration, the various stochastic configurations produced by the PIMC sequence were used to evaluate the thermodynamic averages. Typically, a minimum of 10.000 × 5 × N moves was used to average the radial distribution function, g(r). The PIMC results were analysed as a function of P and we found that P = 16 was sufficiently accurate for deuterium, while P = 32 was sufficiently large to represent the correct quantum limit of hydrogen.
The limited number of particles (N = 500) was not so large to produce a simulation g(r) sufficiently extended to obtain a reliable S(Q). In order to extend the cutoff radius from ≈ 14 A (i.e. half the size of the simulation box), to a more suitable value of ≈ 30 A, N should increase by a factor of 10, and the CPU time would increase, approximately, by two orders of magnitude. Thus, we had to devise a different way of extending the range of g(r), so that we could overcome this limit. To this end, we used an extension procedure, suggested by Verlet [26] , which approximates the function h(r) = g(r) − 1 using a damped oscillating form h(r) = (A/r) exp(−r/r 0 ) sin(r/r 1 ).
The parameters A, r 0 , and r 1 are obtained by fitting the functional form (5) to the simulation results, starting from the third zero of h(r).
In figures 6 and 7 we report the comparison between the experimental results and the PIMC simulations for the thermodynamic derivatives of the structure factor of the hydrogens. We observe that, for the case of deuterium, there is nice agreement, also quantitative, between the PIMC calculations and the experimental results. For H2_exp NWB Figure 6 . Density derivatives, at constant temperature, of the structure factor of the hydrogens. Comparison between experiment and PIMC simulations using the NWB intermolecular potential. We observe a rather good quantitative agreement for the deuterium data (lower figure) while for hydrogen (upper figure) the agreement cannot be considered more than qualitative. Temperature derivative, at constant density, of the structure factor of the hydrogens. Comparison between experiment and PIMC simulations using the NWB intermolecular potential. We observe a rather good quantitative agreement for the deuterium data (lower figure) while for hydrogen (upper figure) the agreement cannot be considered more than qualitative.
hydrogen, instead, the agreement is less satisfactory. In the density derivative (figure 6) , the data appear a little out-of-phase with respect to the PIMC results. In order to increase the agreement with the simulation, the experimental points should be located to smaller values of Q, thus increasing the difference already observed in figure 4 with respect to deuterium. In addition, a further mismatch is observed in the first portion of the experimental function where, a simple shifting of the data is not sufficient to recover the required agreement. A similar qualitative result is observed in figure 7 , but now a simple shift of the simulation results to higher values of Q would appear to be sufficient.
Discussion
By means of neutron diffraction, we have measured the thermodynamic derivatives of the structure factor of the liquid hydrogens close to the triple point. Due to the relatively small incoherent background we succeeded in obtaining the S(Q) of liquid deuterium. However, no such results could be obtained for hydrogen, due to the combined effect of larger inelasticity effects and an even larger incoherent background. Nevertheless, the thermodynamic derivatives of the microscopic structure factor were obtained in both cases. This experimental information was analysed by itself, by comparing the deuterium and the hydrogen data, and in comparison with the simulation results.
The direct experimental comparison evidenced a different behaviour between light and heavy hydrogen that could be qualitatively attributed to a different size of the hard core diameter of the two molecules. This difference is consistent with a different quantum behaviour related to the mass difference of the two isotopes.
As far as the comparison with the PIMC simulation is concerned, we observe that the simulation results would suggest an even further shift of the hydrogen data to smaller Q values in order to obtain a nice agreement with the experiment. Moreover, a difference in the small-Q interval, already observed in the comparison between the two experimental density derivatives (cf. figure 4) remains unexplained.
The observed differences could be attributed either to residual systematic errors, of unknown origin, that have not been accounted for in the data analysis of the hydrogen experiment, or to the calculated results, especially on going from deuterium to hydrogen. We tend to exclude problems from the simulation technique. In fact, PIMC simulations have been successfully applied to even more quantum systems without problems. However, it may be that the problem stems from the intramolecular model that was used in the data analysis of the experiments. For example, it is possible that the free rotating harmonic oscillator model could be good enough for deuterium but insufficiently accurate for hydrogen.
All we can do here is to further check the experimental data. To this end, we have planned a new experiment, now on a reactor source, to validate the experimental data of liquid hydrogen. In fact, even if this experiment seems to be more difficult, in principle, the expected systematic errors would affect, in this case, a totally different region of Q. Therefore, from a critical comparison of the two sets of data, we are confident to extract a more precise information.
To sum up, we have shown that the microscopic structure of the hydrogens actually depends, as expected, on the isotopic mass which, in turn, acts on the size of the quantum behaviour of the molecule. Some results are qualitatively consistent with the theoretical predictions, even though a fully satisfactory quantitative agreement hasn't been obtained yet. We hope that further experimental data that will be available in the near future may bring the whole picture to an overall agreement. However, should this not happen, the observed discrepancies would raise a further interesting question concerning the peculiar behaviour of one of the most studied substances on earth and the most abundant, in absolute, in the universe.
